Abstract
Introduction

48
Pathogenic bacteria secrete pore-forming toxins (PFTs) for attacking target cells. PFTs are 49 secreted as water-soluble monomeric proteins, which assemble on the target cells for forming 50 membrane-inserted pores. These pores then lead to cell death. PFTs are classified into two families 51 according to the secondary structure of the transmembrane region, i.e., α-PFTs and β-PFTs.
52
Staphylococcus aureus, a major cause of hospital-and community-acquired infections, expresses 53 several β-PFTs, including α-hemolysin (α-HL), γ-hemolysin (γ-HL), and leukocidin (LUK), for 54 killing blood cells (Kaneko and Kamio, 2004) . α-HL is a mono-component heptameric β-PFT, while 55 the other two PFTs are bi-component octameric β-PFTs composed of two homologous polypeptides 56 (~30% of amino acid sequence identity), designated as F and S components, respectively. α-HL 57 reveals ~30% and ~20% sequence identity with F and S components, respectively.
58
Previous biochemical experiments have suggested a general pore-forming mechanism, in 59 which the soluble monomeric components assemble into a ring-shaped pore via a nonlytic oligomeric 60 intermediate known as a prepore (Kawate and Gouaux, 2003; Nguyen et al., 2002; Walker et al., 61 1995). However, the underlying mechanisms remain unelucidated because of the unavailability of 62 the crystal structure of the α-HL monomer without an artificial binder and prepore. To explore this 63 molecular process in detail, we determined the crystal structure of an H35A mutant (α-HL-H35A) 64 and W179A/R200A mutant (α-HL-WR), which revealed monomeric and prepore form, respectively.
Furthermore, mutation analysis was carried out. Based on these results, a dynamic mechanism of 2012G515/2014G022 and 2012A1179/2012B1215/2013A1115/2015A1117, respectively. Moreover,
90
X-ray diffraction dataset of α-HL-H35A and α-HL-WR was collected on the beamline BL5A and 91 BL17A at Photon Factory, respectively. The diffraction data were indexed, integrated, scaled, and 92 merged using the XDS program (Kabsch, 2010) . The data statistics are shown in Table 1 . Crystal 93 structures were determined by the molecular replacement method using the PHASER software 94 (McCoy et al., 2007) . The structure of α-HL pore (PDB ID 3ANZ) was used as a search probe. To 95 monitor the refinement, a random 5% subset was set aside for the calculation of the R free factor. After anti-α-HL antiserum as described previously (Kaneko et al., 1997 The substitution of His35 causes marked decreases in oligomerization and hemolysis 114 activities and leads to an insufficient cell-binding activity (Walker and Bayley, 1995) . As His35 is 115 located at the interface between the protomers, this mutant is likely to retain the monomeric 116 structure; however, in the absence of appropriate interprotomer interactions, it may not form 117 heptamers. In the present study, we determined the crystal structure of α-HL-H35A mutants at a 118 resolution of 2.80 Å.
119
As expected, the revealed structure was an α-HL monomer, in which the prestem was folded 120 beside the cap domain (Fig. 1A) . The prestem region, which is extended in the pore to form a 121 β-barrel, was folded into a three-stranded antiparallel β-sheet with a long connecting loop in the 122 monomer. Furthermore, a large conformational change was observed in the amino latch. Although 123 the amino latch protrudes and interacts with the adjacent protomer in the pore, it is located at the 124 edge of the β-sheet of the stem region. The tip of the amino latch forms a short helix in all known 125 pore structures. However, this region had an extended conformation in the monomer.
126
The overall structure of the α-HL monomer was similar to that of other staphylococcal PFT 127 monomers; RMSD was 1.30 Å for LukF, 1.14 Å for LukF-PV, 1.10 Å for LukD, 1.06Å for LukS-PV, hydrogen bond with Tyr118 of prestem (Fig. 1B) . A part of the long loop of the prestem (Thr129-131 Gly134), involved in the formation of the transmembrane region of the pore, was disordered. These 132 structural characteristics are commonly observed in other staphylococcal PFT monomers.
133
In contrast to these common structural features, marked differences were observed in the 134 orientation of N-terminal amino latch and long connecting loop in the prestem (Fig. 1C) . The amino 135 latch of the α-HL monomer bends toward the prestem, whereas it is aligned adjacent to the β-sheet in 136 other PFTs (Fig. 1C) . Consequently, only a short β-strand was formed in this region of the α-HL Supplementary Fig. S1 ). Therefore, the hydrophobic core formation 141 is peculiar to α-HL, resulting in the characteristic bent conformation. As these structural 142 characteristics were common for all six α-HL monomers in an asymmetric unit, they are possibly the 143 intrinsic conformations of α-HL and not casual conformations because of flexibility. The α-HL W179A/R200A double mutant (α-HL-WR) had no hemolytic activity, although 147 the binding activity for erythrocyte was comparable with the wild type (Fig. 2) . Furthermore, 148 high-molecular weight complex on the rabbit erythrocyte membrane was observed by Western 149 blotting with low-temperature SDS-treatment (Fig. 2C ). These observations suggest that α-HL-WR forms stable prepore state oligomer. To acquire knowledge about prepore of α-HL, we determined 151 the crystal structure of this mutant in the presence of high concentration of MPD which induces 152 spontaneous heptameric assembly of α-HL (Tanaka et al., 2011). The revealed structure was quite 153 similar to that of α-HL pore (Fig. 3A) . However, the electron density of the transmembrane region 154 was markedly ambiguous despite the clear density of the extramembrane half (Fig. 3B) . The B-factor 155 of the transmembrane β-barrel is extraordinarily high (>100 Å 2 ) for this structure (Fig. 3A) . These monomer. Tyr118 is a key residue for fastening the prestem to the cap domain (Fig. 1B) . These 178 observations indicate that the released amino latch forces off the prestem by destroying the key 179 interaction between the prestem and cap domain [i.e., hydrogen bond Asp45-Try118 (Fig. 1B) ].
180
To demonstrate the importance of the hydrogen bond between Asp45-Try118 and the amino 181 latch, two mutants, i.e. Y118F mutant and truncate mutant of the N-terminal 14 residues 182 (α-HL-ΔN14), were prepared and the hemolytic activity was measured ( Fig. 2A) between the prestems of the two protomers were also observed (red and yellow in Fig. 4B ). This 204 phenomenon would also contribute to the release of the prestem. (Fig. 5A) . In pore assembly, the amino latch protrudes and interacts with 210 the adjacent protomer (Fig. 5B) . During this conformational change, the N-terminus region of the 211 amino latch folds into a short helix. This helix then forms a hydrophobic core with Ile14, Ile43,
212
Leu52, Val54, and Val231 of the adjacent protomer, which stabilizes the conformation of the long 213 protruded amino latch in the pore state (Fig. 5B) . It is noteworthy that Ile5 and Ile7, important for the 214 bent conformation of the amino latch in the monomer, re-participate in hydrophobic interactions.
215
These two hydrophobic residues are important for the conformational conversion of the amino latch 216 from monomer to oligomer. In the monomer, the prestem covers the hydrophobic surface of the cap 217 domain, which binds to the N-terminal short helix. Further, the hydrophobic surface exposed by the 218 release of prestem binds to the hydrophobic amino latch of the adjacent protomer in the pore.
219
Altogether, α-HL efficiently uses the hydrophobicity of the amino latch for its structural conversion.
220
Because of the stabilization of the protruded conformation in the pore, the amino latch may promote be partly caused by the inability to stably assemble into this conformation.
Conclusion
227
Based on the crystal structure analysis and mutation analysis, a dynamic pore formation 228 mechanism of α-HL was revealed. The prestem is fastened by a key hydrogen bond between Asp45
229
and Try118 in monomer, and the N-terminal amino latch released upon assembly destroys the key 230 hydrogen bond to release the prestem. During these processes, the hydrophobic interaction by the 
260
Bands for monomer and complex form were indicated by white and black triangle, respectively. 
